ABSTRACT: This paper reports a high-throughput, labelfree technique to visualize individual carbon nanotubes (CNTs) on a silicon wafer using a conventional optical microscope. We show that individual CNTs can locally enhance the rate of vapor-phase HF etching of SiO 2 to produce a SiO 2 trench that is several to several tens of nanometers in depth. The trench is visible under an optical microscope due to a change in the optical interference in the SiO 2 layer, allowing the location of an individual CNT to be determined. With this technique, we demonstrate high-throughput Raman characterization and reactivity studies on individual CNTs. D ue to their superior electrical, mechanical, and optical properties, carbon nanotubes (CNTs) have found a wide range of applications in nanoelectronics, composite materials, energy conversion, and sensors.
D
ue to their superior electrical, mechanical, and optical properties, carbon nanotubes (CNTs) have found a wide range of applications in nanoelectronics, composite materials, energy conversion, and sensors. 1−9 The properties of CNTs can vary significantly depending on their structures. Unfortunately, there is no synthetic method that can produce pure CNTs of a single, defined chirality, but there have been significant advances in the postsynthesis separation of CNTs. 10−15 The limited availability of chirality-pure CNT samples has been a major obstacle in advancing their fundamental studies and applications.
One way to overcome the heterogeneity of the bulk sample is to study the properties and device performance of an individual CNT. 16−19 These studies all require locating individual CNTs under an optical microscope in order to carry out spectroscopic characterization or device fabrication. However, due to its small diameter, individual CNTs are invisible to conventional optical microscopy. One approach to address this challenge is to deposit optically visible markers (e.g., lithographically patterned gold film) on to the substrate and then use an atomic force microscope (AFM) or scanning electron microscope (SEM) to locate the CNTs relative the markers. 20 This process is both labor-and time-consuming and often contaminates the CNTs. Recently, two studies have shown that individual CNTs can be visualized under an optical microscope by decorating them with Ag or TiO 2 nanocrystals. 21, 22 Although this approach is high throughput, the deposited material alters the intrinsic chemical and electrical properties (e.g., excited-state dynamics, charge doping) of the CNTs. In addition, these deposited materials are not compatible with certain chemical environments (e.g., strong oxidizing acid), and therefore the utility of this method is limited.
Herein we report a high-throughput, label-free technique for determining the precise location of an individual CNT using a conventional optical microscope. We show that CNTs locally enhance the vapor-phase HF etching of SiO 2 , resulting in a nanoscale trench around itself ( Figure 1A ). Due to a change in the optical interference in the SiO 2 layer, the trench is visible under an optical microscope, allowing the position of the CNT to be determined ( Figure 1B ). Compared to previous methods to visualize CNT, the current method is high-throughput, lowcost, and label-free. These characteristics make it especially suitable for single-tube spectroscopy studies and device fabrications. Using this approach, we have carried out Raman characterization and reactivity study of individual CNTs.
We grew ultralong CNTs using a previously reported chemical vapor deposition (CVD) method (see Supporting Information (SI) for details). 23 The substrate was a silicon wafer with 300 nm thick, thermally grown oxide on its surface. AFM images of the sample reveals that the CNTs were at least several hundred micrometers long, and their diameters typically ranged from 1−2 nm (Figures 2A and S1 ).
We found that the CNTs can locally enhance the vaporphase HF etching of SiO 2 ( Figure 1A) . In a typical experiment, we exposed the CNTs sample to HF vapor inside a custombuilt etching chamber (see the SI for details). We used AFM to characterize the silicon wafer surface after the etching and the results are shown in Figure 2B . As can be seen, nanoscale trenches were present on the surface and no CNTs can be located. Detailed section analyses showed that the depth of the trenches ranged from several to several tens of nanometers. There was noticeable variation in the depth both within and between trenches ( Figures S2 and S3) ; the reason for which is not yet understood. The shape of the trenches resembles that of the ultralong CNTs, suggesting that the CNTs are responsible for their formation. In one case, a section of CNT can be seen emerging from the trench after repeated AFM scan of the area ( Figure S4 ). We believe that the AFM tip picked up the CNT and removed it out of the trench.
The trenches are visible under a conventional optical microscope, allowing the location of the associated CNT to be determined ( Figure 3A ). The visibility of the trench is due to a change in optical interference in the SiO 2 layer that strongly depends on its thickness. 24 For example, reducing the thickness of SiO 2 from 300 to 275 nm will result in a color change of the silicon wafer from blue/purple to red.
24 Figure  3B ,C shows the AFM and optical micrographs collected on the same area of the sample. It can be seen that the shape of the trench in the optical image perfectly matched that of the trench in the AFM image. The appearance and contrast of the trench depend on the depth of the trench as well as the thickness of the SiO 2 . Although we have not determined a quantitative relationship between the optical contrast and trench depth, trenches as shallow as 7 nm can be clearly visualized ( Figures  3B and S3) .
The vapor-phase HF etching of SiO 2 is known to be sensitive to the surface concentration of water. 25 Water is a catalyst and also a reaction product of the reaction:
The reaction is autocatalytic and the rate positively correlates with the local concentration of adsorbed water on the SiO 2 surface. We previously showed that DNA could enhance the vapor-phase HF etching of SiO 2 by promoting adsorption of water from the gas phase. 26 Preliminary results suggest that a similar mechanism is at play here.
We found that the etching rate of the SiO 2 in the absence of CNT decreased with increasing temperature. This observation is consistent with the hypothesis that high temperature reduces water adsorption on the surface. In addition, we have also studied the dependence of etching selectivity (i.e., the ratio of the etching rate in the presence of CNT to that in the absence of the CNT) as a function of reaction temperature. Figure S5 shows that the etching selectivity increases with increasing temperature until it reached a maximum at 90°C. Further increase in the temperature resulted in a decrease in the selectivity instead. To understand this observation, we note that at low temperature, all surfaces, regardless of the presence of CNT, will be quickly saturated by the water produced by the HF etching reaction, resulting in nonselective etching. Similarly, at high temperature, water will completely desorb from all surfaces, resulting in a universal low etching rate and selectivity. The effect of CNTs is therefore most significant at intermediate temperature ranges. We note that the above analysis also underscores the importance to use vapor-phase HF etching instead of the more common solution phase etching process: in solution, the surface is saturated with water, and therefore the etching is not expected to produce deep trenches.
The fact that SiO 2 etching is faster in the presence of CNTs implies that CNTs enhance the adsorption of water. We note that previous studies also showed a similar effect from amorphous carbon produced by electron beam induced decomposition of hydrocarbon. 27 Noting that graphitic material was generally believed to be hydrophobic, the idea that CNTs enhance water adsorption may appear to be counterintuitive. However, recent studies have showed that the hydrophobicity of graphite and graphene are in fact due to airborne hydrocarbon contamination. A clean graphitic surface is in fact mildly hydrophilic. 28 In addition, it has also been suggested that when immersed in an aqueous solution, graphitic surface could selectively adsorb OH − ions and by doing so alters the local pH near the surface. 29 We believe that both effects could contribute to an increase in the etching rate near the CNTs. Additional studies are needed to elucidate the detailed mechanism.
The ability to visualize CNTs with optical microscopy could greatly simplify many single-CNT studies. Compared to previous approaches to visualize individual CNTs, the present method has the distinct advantage of not having any foreign materials deposited onto the CNT and therefore will be Due to the narrow absorption band of the CNTs, 19 only a small fraction of the trenches showed Raman peaks characteristic of CNTs when probed with a single laser. In all the Raman spectra we collected, we observed a very weak D peak. This is expected because HF is a weak, nonoxidizing acid and does not damage CNTs. In addition, almost all trenches showed the same Raman signatures throughout their length, indicating that the structure of the CNT was maintained during their growth. However, in one case, we observed a change in the Raman spectrum within a trench. Raman spectra of this CNT were taken at different locations, and a subset of the spectra is shown in Figure 4A . It can be seen that the spectra taken near the catalyst region showed two G′ peaks and resolved G − and G + peaks. 30 In contrast, only one G′ peak was observed in the spectrum taken further away from the catalyst; the G peak region also showed only one peak. These data suggest a structural transition from a double-walled CNT to a singlewalled CNT. 30 To verify this hypothesis, we have carried out UV/O 3 oxidation and p-nitrobenzenediazonium functionalization on two separate sections of this CNT where two G′ peaks were present. 31, 32 Shown in Figure 4b , after the reactions, we observed the appearance of the D peak at ∼1350 cm −1 and the bleach of the G + peak at ∼1587 cm
, both of which are consistent with chemical functionalization of the CNT. Notably, one of the G′ peaks at ∼2709 cm −1 disappeared, while no change was observed for the other G′ peak at ∼2639 cm −1
. The latter observation is consistent with the outer shell of a double-walled CNT undergoes chemical modification while the inner tube remained intact. 33, 34 Knowing the exact location of the CNT also allows one to track the progress of a reaction at the same location of an individual CNT. To demonstrate this possibility, we have carried out UV/O 3 oxidation of an individual semiconducting CNT that is 1.75 nm in diameter as determined by its Raman spectrum (see SI). Raman spectra were collected on the same location of the CNT ( Figure S6 ) as a function of UV/O 3 exposure time, and a subset of the spectra is shown in Figure 5 .
Upon UV/O 3 oxidation, the D peak intensity increased while that of the G peak decreased. The decrease of G peak was previously attributed to a shift in the adsorption spectrum of CNT that leads to the loss of resonance in the Raman measurement. 35 The ratio of the intensity of D peak to that of the G peak (I D /I G ) increased as a function of reaction time and this behavior resembles that observed in ensemble measurements ( Figure 5 inset) .
In conclusion, we have demonstrated a high-throughput approach to visualize individual CNTs under an optical microscope. Our approach takes advantage of the CNTenhanced vapor-phase HF etching of SiO 2 , which produces a nanoscale trench that is visible under an optical microscopy. Using the technique reported here, the synthesis and singletube characterization of CNTs could be accomplished within a day. This approach is simple and compatible with a wide range of chemicals, making it especially suitable for studying reactivity of individual CNTs and fabrication of CNT and nanofluidic devices. oxidation. All spectra were collected from the same location and under identical conditions using a 785 nm laser. The spectra were referenced and normalized using the Si overtone peak and shifted for clarity. For the D peak region, the dots are experimental data, and the lines are fits using a Lorentzian line shape. The inset shows the time evolution of the I D /I G ratio. The error bars represent the error associated with the peak fitting calculations. 
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